The Bruton's tyrosine kinase (BTK) inhibitor ibrutinib is effective in the treatment of human chronic lymphocytic leukaemia and mantle cell lymphoma. Recent data have shown that ibrutinib also blocks IgE-dependent activation and histamine release in human basophils (BAs) and mast cells (MCs). The aim of this study was to investigate whether BTK serves as a novel therapeutic target in canine mast cell tumours (MCTs). We evaluated the effects of ibrutinib on two canine MC lines, C2 and NI-1 and on primary MCs obtained from canine MCTs (n = 3). Using flow cytometry, we found that ibrutinib suppresses phosphorylation of BTK and of downstream STAT5 in both MC lines. In addition, ibrutinib decreased proliferation of neoplastic MCs, with IC 50 values ranging between 0.1 and 1 μM in primary MCT cells and between 1 and 3 μM in C2 and NI-1 cells. In C2 cells, the combination "ibrutinib + midostaurin" produced synergistic growth-inhibitory effects. At higher concentrations, ibrutinib also induced apoptosis in both MC lines. Finally, ibrutinib was found to suppress IgEdependent histamine release in primary MCT cells, with IC 50 values ranging from 0.05 to 0.1 μM in NI-1 cells, and from 0.05 to 1 μM in primary MCT cells. In summary, ibrutinib exerts anti-proliferative effects in canine neoplastic MCs and counteracts IgE-dependent histamine release in these cells. Based on our data, ibrutinib may be considered as a novel therapeutic agent for the treatment of canine MCT. The value of BTK inhibition in canine MCT patients remains to be elucidated in clinical trials.
possible or if a tumour recurs, radio-and/or chemotherapy are usually offered. 5, [10] [11] [12] [13] [14] Recently, masitinib and toceranib, two targeted drugs directed against proto-oncogene, receptor tyrosine kinase (KIT), have been approved for therapy of non-resectable or metastasized highgrade MCT. 15, 16 These drugs have been shown to be effective in several MCT patients. [15] [16] [17] Therefore, current efforts focus on the identification and preclinical development of novel targeted drugs that can counteract growth and activation of canine MCT cells.
In humans, the Bruton's tyrosine kinase (BTK) inhibitor ibrutinib is a promising drug that has recently received the Food and Drug Administration approval for the treatment of chronic lymphocytic leukaemia and mantle cell lymphoma. [18] [19] [20] In addition, BTK has been reported to be a critical signalling molecule mediating growth and survival of various tumour cells, including neuroblastoma cells and neoplastic human MCs. 21, 22 Furthermore, BTK has been described to play an important role as a target in the downstream pathway of IgE receptor-cross-linked human basophils (BAs) and MCs. [23] [24] [25] [26] More recently, studies published by our and other groups have identified ibrutinib as a potent blocker of IgE-dependent activation and histamine release in human BAs. 26, 27 However, only few reports exist about the in vitro and in vivo effects of ibrutinib in dogs. Recently, it has been described that ibrutinib exerts anti-tumour effects in naturally occurring B cell non-Hodgkin-lymphoma in canine patients. 28 Based on these data, ibrutinib may be an interesting agent to test in comparative oncology contexts. We were interested to examine the effect of ibrutinib on canine neoplastic MCs. The specific aims of our study were to examine whether ibrutinib may serve as a potential new drug for treatment of canine MCT and whether ibrutinib is able to suppress histamine release in neoplastic MCs. 
| MATERIALS AND METHODS

| Drugs and reagents
| Cell lines and culture conditions
Two canine mastocytoma cell lines were used: C2 and NI-1. C2 cells were kindly provided by Dr. Warren Gold (Cardiovascular Research Institute, University of California, San Francisco, California). 29 NI-1 cells were established in our laboratory as described previously. 30 Both cell lines were cultured in RPMI 1640 medium containing 10% FCS, antibiotics and amphotericin B. The human MC line HMC-1 was kindly provided by Dr. Joseph H. Butterfield (Mayo Clinic, Rochester, Minnesota) and cultured in IMDM plus 10% FCS, alpha-thioglycerol, antibiotics and amphotericin B. 31 Cell lines were kept in culture at 5% CO 2 and 37 C for 6 to 8 weeks. Thereafter, cells were discarded and new cells were thawed from an original stock.
| Isolation of primary canine neoplastic MCs from mastocytoma specimens
Fresh MCT samples were obtained from three dogs undergoing surgery at the University of Veterinary Medicine Vienna (Vienna, Austria). Detailed characteristics of mastocytoma patients are listed in Table 1 . Primary neoplastic MCs were isolated using collagenase as previously published. 32 In brief, tissue samples were cut into small pieces, washed thoroughly in Tyrode's buffer and were then incubated in 75 mg collagenase type 2 dissolved in 50 mL 0.9% NaCl at 37 C for 180 minutes. Isolated MCs were recovered by filtration through cell strainer (70 μM pore size) and collected in FBS-containing tubes. After washing, cells were examined for viability (trypan blue exclusion) and MC numbers (Wright Giemsa staining).
| Western blot analysis of BTK and STAT5 expression in MC lines
Western blot experiments were performed using C2 and NI-1 cells essentially as reported. 33 A detailed description of the technique is provided in the Method Section of the Supplement. 
| Analysis of BTK-and STAT5 phosphorylation by flow cytometry
| Measurement of proliferation of canine neoplastic MCs
MC lines and primary mastocytoma cells were seeded in flat-bottom 96-well microtiter plates (5 × 10 3 cells/well) and incubated in control medium, vehicle control or various concentrations of ibrutinib (0.01-5 μM) at 37 C for 48 hours. To evaluate potential cooperative drug effects, cells were exposed to ibrutinib, midostaurin, toceranib, masitinib (as single agent) or to drug combinations, namely "ibrutinib + midostaurin", "ibrutinib + toceranib", and "ibrutinib + masitinib," at a fixed ratio of drug concentrations. After incubation, 0.5 μCi of 3 Hthymidine was added (37 C, 16 hours). Thereafter, cells were harvested on filter membranes (Packard Bioscience, Meriden, Connecticut) in a Filtermate 196 harvester (Packard Bioscience). Filters were air-dried and the bound radioactivity was measured in a β-counter (TopCount NXT, Packard Bioscience). All experiments were performed in triplicates.
| Evaluation of apoptosis in drug-exposed cells
C2 and NI-1 cells were incubated in control medium, vehicle control or in various concentrations of ibrutinib (1-25 μM) at 37 C for 24 or 48 hours. After incubation, the percentages of viable, apoptotic and necrotic cells were quantified by microscopy on slides stained with the differential Quick Stain Kit (Modified Wright Giemsa, Sigma-Aldrich). In addition, apoptosis was assessed by Annexin V (eBioscience, San Diego, California) and DAPI staining by flow cytometry as described. 31 In brief, cells were incubated in control medium or medium containing various concentrations of ibrutinib (1-25 μM) at 37 C for 24 and 48 hours. Thereafter, cells were harvested and incubated with Annexin V in binding-buffer. Then, DAPI (1 μg/mL) was added and cells were analysed by flow cytometry on a FACSCanto (BD Biosciences). The total fraction of all apoptotic cells was quantified by determining the percentage of Annexin V-single positive (early apoptotic) cells plus the percentage of Annexin V plus DAPI positive (late apoptotic) cells relative to all cells captured in the sample tube.
| Histamine release experiments
NI-1 cells and primary mastocytoma cells were sensitized by preloading with 5 μg/mL purified dog IgE (Bethyl, Montgomery, Alabama) at 37 C for 2 hours. Cells without IgE preloading were used as negative control. Thereafter, the cells were incubated with different concentrations of ibrutinib (0.001-1 μM) at 37 C for 60 minutes. After incubation, cells were washed in phosphate-buffered saline (PBS, Gibco Life Technologies), resuspended in histamine release buffer (HRB, Immunotech, Marseille, France) and then incubated with 5 μg/mL goat anti-dog-IgE antibody (Bethyl Laboratories) at 37 C for 30 minutes. After incubation, cells were centrifuged at 4 C, and the cell-free supernatants and cell pellets were recovered and analysed for histamine content by radioimmunoassay (RIA, Immunotech). Total histamine was measured in lysates of non-sensitized cells and served as reference for calculating the percentage of released histamine of sensitized and drug-exposed cells. All experiments were performed in triplicates.
| Statistical analysis
Data were presented as mean values from at least three independent experiments with standard deviation (SD). To determine the significance in differences seen between drug-exposed and untreated cells, the Student's t test for independent samples was applied. Results were considered statistically significant when P was <0.05. Effects of drug combinations were determined using Calcusyn software (Biosoft, Ferguson, Missouri) and expressed as combination index (CI) values.
Drug effects were considered to be synergistic when the CI was <1.
| RESULTS
| Effects of ibrutinib on pBTK and pSTAT5 expression in canine neoplastic MCs
To test the effects of ibrutinib on BTK activation and downstream STAT5 activation, we examined the phosphorylation status of BTK and STAT5 using flow cytometry in drug-exposed cells. We found that C2 cells and NI-1 cells constitutively express pBTK and pSTAT5 ( Figure 1A) . Exposure of C2 cells and NI-1 cells to various concentrations of ibrutinib resulted in a concentration-dependent decrease in expression of pBTK and pSTAT5 ( Figure 1B) . In time course experiments, the inhibitory effects of ibrutinib on expression of pBTK and pSTAT5 were seen at all time points examined (0.25-4 hours) ( Figure S1 ). As assessed by Western blotting, both canine MC lines (C2 and NI-1) expressed the BTK and STAT5 protein ( Figure S2 ). The human MC line HMC-1.2 served as positive control in these experiments ( Figure S2 ).
| Effects of ibrutinib on proliferation of canine neoplastic MCs
As determined by 3 H-thymidine uptake, ibrutinib was found to decrease proliferation of C2 cells and NI-1 cells with IC 50 values ranging between 1 and 3 μM (Figure 2A , Table 2 ). Ibrutinib also suppressed proliferation in primary MCT cells with IC 50 values ranging between 0.1 and 1 μM ( Figure 2B , Table 2 ). Synergistic effects between ibrutinib and midostaurin on proliferation were seen in C2 cells, but not in NI-1 cells ( Figure 2C ). The drug combinations "ibrutinib + masitinib" and "ibrutinib + toceranib" induced some cooperative growth-inhibitory effects in C2 and NI-1 cells, although synergistic interactions were not seen ( Figure S3 ).
| Effects of ibrutinib on survival of C2 cells and NI-1 cells
In a next step, we examined whether ibrutinib induces apoptosis in canine MC lines. As assessed by microscopy, ibrutinib induced apoptosis and consecutive necrosis in both MC lines with EC 50 values ranging between 10 and 25 μM for C2 cells and between 5 and 10 μM for NI-1 cells after 48 hours ( Figure 3A) . Apoptosis induction was confirmed in Annexin V/DAPI staining experiments, where ibrutinib decreased survival with EC 50 values ranging from 10 to 25 μM after 48 hours ( Figure 3B ).
| Effects of ibrutinib on IgE-dependent histamine release in NI-1 cells and primary mastocytoma cells
Ibrutinib has recently been shown to counteract IgE-dependent activation of human BAs. 26, 27 To examine whether ibrutinib exerts inhibitory effects on IgE-dependent histamine release in canine neoplastic MCs, we performed experiments using NI-1 cells, known to express a F I G U R E 1 Detection of phosphorylated (p) Bruton's tyrosine kinase (BTK) and pSTAT5 in canine mast cell (MC) lines. A, C2 and NI-1 cells were permeabilized by methanol and incubated with a monoclonal antibody against pBTK and pSTAT5 for 30 minutes. After incubation, cells were washed, and expression of pBTK and pSTAT5 was determined by flow cytometry. Expression levels of pBTK (green histograms) and pSTAT5 (orange histograms) are shown in comparison to the isotype control (black histograms). B, C2 and NI-1 cells were incubated in control medium (Co) or in increasing concentrations of ibrutinib (0.1-10 μM) at 37 C for 4 hours. Then, cells were analysed for pBTK (left panels) or pSTAT5 (right panels) expression as described in ( 
| DISCUSSION
Aggressive canine MCT is a disease with an unmet therapeutic need. [2] [3] [4] [5] In human and canine MC neoplasms, mutated KIT can induce growth-factor independent activation and uncontrolled proliferation of neoplastic MCs. 2, 6, [35] [36] [37] [38] The tyrosine kinase inhibitors (TKIs) masitinib and toceranib are already in use to treat advanced MC neoplasms in dogs. 15 As BTK is the major target of ibrutinib, 28, 40 we were first interested to demonstrate the expression of the BTK protein in both MC lines. In addition, we were able to show that both cell lines exhibit phosphorylated BTK and the downstream effector molecule STAT5.
This observation confirms previous reports on STAT5/pSTAT5 expression in canine MC lines. 41 Furthermore, we found that ibrutinib rapidly suppresses phosphorylation of both signalling molecules in a concentration-dependent manner in these cells. Downregulation of pBTK by ibrutinib is consistent with data demonstrated in B-cell neoplasms, such as chronic lymphocytic leukaemia. 19, 42 BTK has also been described to be a downstream molecule in the KIT-signalling pathway, known to be critical for MC growth, proliferation and survival. 43 We were able to show that ibrutinib counteracts proliferation of C2 and NI-1 cells with IC 50 values between 1 and 3 μM, and of primary MCT cells with IC 50 values between 0.1 and 1 μM. The IC 50 values obtained with primary MCT cells were lower when compared with MC lines. One possible explanation for this phenomenon may be that both MC lines represent an aggressive type of F I G U R E 2 Effects of ibrutinib or "ibrutinib + midostaurin" on proliferation in canine neoplastic mast cells (MCs). C2 and NI-1 cells (A) or primary cells isolated from mastocytoma patients #2 and #3 (B) were incubated in control medium (Co) or in various concentrations of ibrutinib (0.01-5 μM) at 37 C for 48 hours. C, For assessing drug combination effects, C2 and NI-1 cells were incubated in Co, ibrutinib (blue line), midostaurin (red line) or in a combination of both drugs (black line) at a fixed ratio of drug concentrations (as indicated) at 37 C for 48 hours. After incubation, 3 disease. Both MC lines originate from cells selected for high doubling times by continuous in vitro culturing, and therefore, they derive from the fastest growing subclone of the original tumour. In addition, C2 cells were generated by serial passaging through a mouse model and NI-1 cells were established from a dog with MC leukaemia. 29, 30 An additional factor contributing to higher sensitivity of primary MCT cells may be their dependence on the microenvironment that was lost for C2 and NI-1 cells. 44 28 However, plasma levels that can be reached in dogs after administration of 20 mg/kg of ibrutinib per day have not been reported.
As growth-inhibitory effects of TKIs on neoplastic cells are often associated with disrupted tyrosine kinase activity and consecutive apoptosis and as BTK has been shown to be important for the survival of mantle lymphoma cells, 46 we investigated the effects of ibrutinib on viability of C2 and NI-1 cells. Ibrutinib was found to induce apoptosis only when applied at higher concentrations than in our growth-inhibition experiments. EC 50 values obtained with ibrutinib ranged between 10 and 25 μM for both MC lines, which is consistent to findings in mantle lymphoma cell lines, Mino and JeKo-1, where EC 50 values ranged between 1.0 and 10 μM and between 10 and 25 μM, respectively. 46 Moreover, recent data have shown that ibrutinib does not induce apoptosis in lymphoid malignancies in pharmacologically achievable concentrations. [47] [48] [49] Neoplastic MCs harbouring KIT-mutations may gain resistance against TKIs; therefore, current research in canine and human MC neoplasms focuses on drug combinations to overcome this problem. 33, 50 In the current study, we were interested to examine cooperative effects between ibrutinib and KIT-targeting drugs. Midostaurin is a KIT-targeting drug that is well known to suppress the growth of human KIT D816V+ MCs in vitro and in vivo. [50] [51] [52] We found that the drug combination "ibrutinib + midostaurin" exerts synergistic growthinhibitory effects in C2 cells (CI < 1), but not in NI-1 cells. A possible explanation for the weaker effect of the drug combination "ibrutinib + midostaurin" in NI-1 cells may be the presence of several different mutations in KIT. Notably, whereas C2 cells contain only one KIT mutation, NI-1 cells are known to display six different KIT mutations, which may result in a faster proliferation of NI-1 cells and possibly also in a more resistant phenotype. 30 We also tested the effects of other drug combinations in C2 and NI-1 cells. Toceranib and masitinib are two KIT-targeting drugs that are used to treat canine MCT patients in daily practice. We found that the drug combinations "ibrutinib + toceranib" and "ibrutinib + masitinib" exert cooperative growth-inhibitory effects in both MC lines. However, synergistic growth-inhibitory effects were not seen.
In patients suffering from MC neoplasms, clinical symptoms may also arise from effects of MC-derived mediators. 4, 7 In the current study, we tested the effects of ibrutinib on IgE-dependent histamine release in NI-1 cells and primary MCT cells. C2 cells could not be employed in these experiments because they do not express a functionally active IgE receptor. 53 The IC 50 values obtained with ibrutinib in NI-1 cells as well as in primary mastocytoma cells were found to be within a "pharmacological" range (0.05-1 μM). Since concentrations required for blocking histamine release were significantly lower than for blocking proliferation and survival, ibrutinib may also have clinical implications for other IgE-dependent diseases in dogs, such as canine atopic dermatitis or food allergies. [54] [55] [56] [57] Our findings are reinforced by previous data showing that BTK is expressed in human BAs and MCs and that BTK inhibition by ibrutinib is associated with reduced IgEdependent mediator release in these cells. [23] [24] [25] [26] [27] In summary, our data show that ibrutinib exerts anti-proliferative and survival-reducing effects in canine neoplastic MCs. Moreover, we found that BTK inhibition by ibrutinib resulted in a concentrationdependent suppression of IgE-dependent histamine release in NI-1 cells and primary MCT cells. These observations suggest that targeting BTK may represent a potential therapeutic approach in canine MCT.
The clinical impact of this concept remains to be elucidated.
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